The tumor suppressor alternative reading frame (ARF) is a product of the INK4a/ARF locus 1 that can act through p53-dependent or independent pathways. 2, 3 ARF is frequently inactivated in a wide spectrum of human cancer types, including colorectal, breast, and pancreatic adenocarcinomas, malignant glioma, melanoma, and non-Hodgkin's lymphoma. 4, 5 Germline homozygous knockout of Arf in mice results in the development of lymphomas and sarcomas similar to those observed in p53-deficient mice. 3 Simultaneous inactivation of p53 and Arf results in a broader tumor spectrum and more aggressive tumors than are observed with either knockout alone, 3 suggesting an additional mechanism for ARF tumor suppression apart from its canonical activation of p53.
The transcription regulator C-terminal binding protein (CtBP) has been identified as a specific target of the ARF tumor suppressor relevant to the ability of ARF to induce apoptosis in cells lacking p53. 6 ARF binds to CtBP, resulting in proteasome-mediated degradation and inactivation of CtBP. 6 In vertebrates, CtBP-family proteins (CtBP1 and CtBP2) are highly conserved and show sequence and functional similarity to D-isomer-specific 2-hydroxy acid dehydrogenases. 7 CtBP proteins act as transcriptional repressors in conjunction with a wide range of DNA-binding transcription factors, and are regulated and activated as repressors by nicotinamide adenine dinucleotide (NADH) binding to their dehydrogenase domains. 8 CtBP1/2-null mouse embryo fibroblasts (MEFs) are hypersensitive to apoptosis in response to a wide variety of stimuli. 9 Microarray analysis has shown that epithelial-specific and proapoptotic genes are upregulated in these MEFs, 9 although the precise mechanism that links CtBP to the suppression of proapoptotic gene expression is not known. Separate evidence suggests that small interfering RNA (siRNA)-mediated CtBP knockdown in human tumor cell lines is sufficient to induce apoptosis in the absence of additional stress. 6 Although not yet proven, CtBP is likely to be linked to tumor progression, as it promotes both cell survival and epithelial-mesenchymal transition by repressing the transcription of both proapoptotic and epithelial genes. 9 The effects of CtBP on cell survival have been linked specifically to its repression of proapoptotic Bcl-2 homology domain 3 (BH3)-only genes, of which Noxa and Puma were identified in the microarray comparison of wild-type and CtBP1/2 knockout MEFs. 9 It is noteworthy that the proapoptotic BH3-only proteins are critical mediators of death induced by cytokine deprivation, activated oncogenes, and various DNA-damage stresses. 10 Their presumptive mechanism of action is to dissociate bax or bak from antiapoptotic bcl-2 family proteins, allowing them to translocate to the outer mitochondrial membrane to form pores that allow the cytoplasmic release of cytochrome c. 11, 12 Of the eight known BH3-only genes, Bid is a critical mediator of apoptosis mediated by death receptor signaling, 13 Bim is the determinant of taxane responsiveness, 14 Puma and Noxa are central mediators of p53-induced apoptosis, 15 and Bad regulates apoptosis mediated by growth factor/cytokine signaling. 16 In contrast, the cellular apoptotic stimuli that act through Nbk/ Bik, and the biologic functions of this gene in mammals, is not yet known. 17 In this study, the BH3-only protein Bik was identified as an ARF and BKLF/CtBP-regulated gene, and a critical mediator of ARF/CtBP-induced p53-independent apoptosis in colon cancer cells. CtBP repression of Bik was directly antagonized by ARF, and CtBP was recruited to the Bik promoter through BKLF. Apoptosis induced by CtBP deficiency in the absence of p53 was substantially impaired when Bik expression was also reduced by RNA interference, and stress-induced p53-independent apoptosis was potentiated by ARF. Other BH3-only family members besides Bik were co-regulated by CtBP in other cell types to suggest that p53-independent ARF tumor suppression may involve regulation of different sets of BH3-only proteins, dependent on tissue origin.
Results
Bik is upregulated after CtBP2 depletion or ARF overexpression. To identify the mediators of ARF/CtBP2-induced p53-independent apoptosis, 6 a human cDNA apoptosis microarray was interrogated with mRNA obtained from HCT116 p53À/À cells infected with control or ARF adenovirus, 6 or treated with control or CtBP2 siRNA. Genes with more than a twofold change (as compared with control) after either CtBP2 depletion or ARF overexpression were considered for further analysis. Although a number of TNF pathway genes were induced after both ARF expression and CtBP2 silencing, none were common between the two conditions ( Figure 1a ). The BH3-only gene Bik was the 1.5 Figure 1 Bik is upregulated upon ARF overexpression or CtBP depletion in p53-null human colon cancer cells. (a) Total RNA isolated from HCT116 p53À/À cells after either ARF overexpression or CtBP knockdown was subjected to an apoptotic gene array (SABiosciences, Frederick, MD, USA) analysis. The relative expression level of genes relevant to apoptosis was estimated by comparing signal intensities of spots of cDNA for each relevant gene with the intensity of spots of housekeeping genes. The fold changes in gene expression level after ARF overexpression or CtBP knockdown was calculated by using GEArray Expression Analysis Suite (SABiosciences). (b) ARF/CtBP regulates Bik at the mRNA level. Quantitative real-time PCR using RNA prepared from HCT116 p53À/À cells infected with either vector (Ev) or hARF retrovirus, or transfected with either control (siCon) or CtBP2 (siCtBP2) siRNA, was carried out using Bik-and GAPDH-specific primers. The bars represent GAPDH-normalized average fold change of Bik in the treated cells. The error bars represent ± 1 S.D. (c) CtBP2 regulates Bik expression. HCT116 p53 À/À cells were treated with control (siCon) or CtBP2 (siCtBP2) siRNA duplexes, and CtBP2, Bik, and GAPDH levels were determined by immunoblotting 24 h after transfection. (d) CtBP2 interaction with ARF is required for regulation of Bik expression. HCT116 p53 À/À cells were infected with vector, hARF, or hARF (L50D) mutant lentiviruses for 24 h. Cell lysates were analyzed for Bik, GAPDH, and ARF levels using immunoblotting only common gene upregulated under both conditions (Figure 1a) .
To more quantitatively assess the effects of CtBP2 depletion and ARF overexpression on Bik expression, Bik mRNA levels were analyzed in HCT116 p53À/À cells at 24 h after either depletion of CtBP2 using siRNA or ARF overexpression by retroviral infection (Figure 1b) . Real-time polymerase chain reaction (PCR) analysis confirmed that Bik expression was increased upon either CtBP2 depletion (2.6-fold) or ARF overexpression (2.3-fold) in HCT116 p53À/À cells (Figure 1b) . Similarly, the protein levels of Bik were found to be upregulated in CtBP2 siRNA-treated cells as compared with control siRNA-treated cells (Figure 1c ).
CtBP2 interaction is required for ARF regulation of Bik. As the ability of ARF to interact with CtBP correlates with its ability to induce apoptosis in p53-null cells, 6 Bik expression was analyzed in cells in which ARF/CtBP interaction was either intact or abrogated. HCT116 p53À/À cells infected with ARF, ARF L50D (CtBP interaction was defective 6 , but p53 stabilization function and nucleolar localization were similar to those of wild-type p14ARF; Supplementary Figures S1A-C), or control retrovirus were analyzed for Bik protein levels using western blotting (Figure 1d ). Both ARF and ARF L50D were expressed at similar levels ( Figure 1d ). Bik was induced in ARFexpressing cells, but not in ARF L50D -expressing cells, in which Bik levels were similar to those in empty virus-infected cells (Figure 1d) . Thus, the ability of ARF to interact with CtBP was required for its induction of Bik expression.
Bik depletion rescues ARF/CtBP-induced p53-independent apoptosis. To further analyze the hypothesis that Bik functions as an important mediator of ARF/CtBP-induced apoptosis, Bik and CtBP2 were individually or simultaneously knocked down in HCT116 p53À/À cells induced to undergo apoptosis by ultraviolet (UV) treatment. Despite comprehensive screening for effective Bik-specific siRNA and shRNA sequences, the best knockdown of Bik that could be achieved was only partial, although two independent shRNA sequences were obtained (Supplementary Figure S2a , and the level of apoptosis determined after 24 h using annexin V-PE/7-AAD staining. All experiments were performed in triplicate and the results were expressed as Mean ± 1 S.D., *Po0.05 for (a, b) siC2/shCon versus siCon/shCon; (c) ARF versus Ev. **Po0.05 for (a, b) siC2/shBik1 versus siC2/shCon;
As expected, siRNA-mediated CtBP2 depletion led to increased Bik levels in cells with control shRNA, and even in Bik shRNA-expressing cells (Supplementary Figure S2b) . The basal apoptosis rate in low-dose (20 J/m 2 ) UV-treated cells with control siRNA and shRNA was 7%, and the overall non-viability rate was 12% (Figures 2a and b) . Treatment with siCtBP2 induced a more than doubling of the apoptotic fraction to 16% (P ¼ 0.04) and non-viability to 27% (P ¼ 0.01). This effect was partially abrogated by shBik1, with reduction of apoptotic fraction to 11% (7% basal level, P ¼ 0.02) and non-viability to 15% (12% basal level, P ¼ 0.02; Figures 2a and b) . A second Bik shRNA (shBik2) yielded essentially similar effects in all assays, although the Pvalue only indicated a trend to significance for both apoptosis and viability ( Figure S2b) . These data strongly support the hypothesis that Bik has an important role in the induction of apoptosis after CtBP depletion in colon cancer cells. The partial rescue of apoptosis by Bik knockdown would be consistent with the partial knockdown of its expression by shRNA, suggesting that a more robust knockdown might have further suppressed apoptosis closer to baseline levels. However, the contribution of other proapoptotic proteins (BH3-only or other) to apoptosis in CtBP2-deficient cells cannot be completely ruled out.
Potentiation of environmental stress-induced apoptosis by ARF/CtBP interaction. ARF is not generally considered to participate in stress-induced apoptosis, such as that caused by UV, as it is not expressed at detectable levels in normal cells and is induced mainly by oncogenic, and not environmental, stress signals. 2, 4 However, the ability of ARF to inhibit CtBP might potentiate the apoptotic affect of environmental stress, and this could be of importance in situations in which oncogenically activated and p53-deficient (thus ARF-expressing) cells are exposed to mutagenic (UV) or tumor-promoting (hypoxia 37 ) stimuli. To gauge the affect of ARF expression and ARF/CtBP complex formation on stressinduced apoptosis in cells lacking p53, HCT116 p53À/À cells were transduced with empty, ARF or ARF L50D -expressing retroviruses, and exposed to UV (20 J/m 2 ) or hypoxia (0.5% O 2 ), followed by determination of apoptotic fraction. ARF expression led to a 2.7-fold and 1.7-fold increase, respectively, in the apoptotic fraction after UV or hypoxia treatment as compared with cells transduced with control virus (Po0.05 for both conditions; Figure 2c ). ARF L50D expression in UV-treated or hypoxic cells, by contrast, did not induce additional apoptosis over the background level observed with empty virus in each condition (Figure 2c ). These findings show that ARF's interaction with, and inhibition of, CtBP can potentiate p53-independent apoptosis induced by two disparate and potent cancerrelated cellular stressors.
ARF/CtBP regulation of the Bik promoter through BKLF recognition elements. In silico analysis of the Bik promoter for recognition sites relevant to transcription factors that recruit CtBP as a corepressor, revealed five sites with an exact match to BKLF (KLF8/ZNF741/BKLF3) recognition elements, including a tandem repeat 18 ( Figure 3a) . Examination of the upstream (À1 to À3000) promoter regions of the other seven known BH3-only genes revealed obvious BKLF sites upstream of the Noxa, Puma, Bmf, and Bim genes (Figure 3a) . To test the hypothesis that the recruitment of CtBP by BKLF represses Bik promoter activity, Bik promoter luciferase reporters containing either all wildtype BKLF-binding sites, or with the two tandem sites mutated, were transfected into U2OS cells with BKLF, ARF, and CtBP2 expression vectors, as indicated. Either BKLF or CtBP2, alone, repressed the wild-type promoter by approximately 2.5-fold (Po0.01; Figure 3b ), whereas there was no effect on the mutant reporter (Supplementary Figure S3) . CtBP2/BKLF coexpression further repressed Bik promoter activity by another twofold (Po0.05; Figure 3b ). Overexpression of ARF had no effect on BKLF repression of Bik promoter activity (compare first and third grey bars; Figure 3b ), but when ARF was co-transfected with CtBP2 and BKLF, ARF caused a near-complete reversal of CtBP2-associated repression (compare second and fourth grey bars; Po0.05; Figure 3b ). Reversal of CtBP2-mediated repression by ARF is consistent with the finding that ARF degrades and/or sequesters CtBP in the nucleolus, abrogating its repressor activities. 6 Thus, BKLF elements are crucial for CtBP/BKLF-mediated repression of the Bik promoter. Consistent with the known effects of ARF on CtBP, ARF reversed CtBP2/BKLF-mediated repression of the Bik promoter, but had no effect on BKLF-mediated repression in the absence of CtBP2.
CtBP2 is recruited to the Bik promoter. Previous studies have shown that CtBP2 binds to BKLF and regulates expression of genes downstream of BKLF recognition elements. 19 To address whether CtBP is directly recruited to the Bik promoter, CtBP2 chromatin immunoprecipitation (ChIP) using chromatin from H1299 lung carcinoma cells was performed (Figure 4) . The PS1 PCR primer set amplified a fragment adjacent to a single BKLF-binding site in the distal Bik promoter, whereas the PS2 primer set amplified a fragment encompassing two tandem BKLF-binding sites critical for regulation of the promoter (Figure 3 ) and adjacent to two additional sites in the proximal Bik promoter (Figure 4a ). NS negative control primers amplified a fragment located 10 kb upstream of the Bik promoter, whereas the E-cadherin promoter was used as a positive control (Figure 4b) . 20 CtBP2 did not localize to the promoter region interrogated by the PS1 primers, possibly because of the presence of only a single nearby BKLF-binding site (Figure 4a ), but robust binding was observed to the E-cadherin promoter (Figure 4b ). CtBP2 did show strong binding to the PS2 fragment (Figures 4a and b) , correlating with luciferase reporter data showing that most of the transcriptional regulation by BKLF/CtBP operates through the two tandem BKLF sites within PS2 (Figure 3b and Supplementary Figure S3) . Adding further specificity to these data, CtBP2 did not localize to the NS control fragment, and the control IgG ChIPs with PS1 and PS2, and a no-antibody ChIP with PS2 also did not yield any signal (Figures 4a and b) .
To test whether CtBP2 recruitment to the Bik promoter required BKLF, a CtBP2 ChIP assay was performed using chromatin from cells in which BKLF was stably depleted using shRNA (knockdown B50% by RT-PCR; Figure 4c ) and Bik PS2, control NS, and E-cadherin primers. When compared with control, BKLF shRNA expression led to increased Bik expression as determined using immunoblot, and as predicted using the reporter assays (Figures 3b and 4d) . As expected, CtBP2 was present at the Bik and E-cadherin promoters in control shRNA-expressing cells, but in the absence of BKLF, CtBP2 was no longer recruited to the Bik promoter, despite remaining present at the E-cadherin promoter (Figure 4e ). The specificity of the ChIP signals was bolstered by the lack of signal either in the control (no antibody) ChIP or in the CtBP2 ChIP with NS primers (Figure 4e) . Thus, CtBP2 is recruited to the Bik promoter largely through BKLF (Figure 4f ).
Differential regulation of BH3-only proapoptotic genes by ARF/CtBP. Though Bik has an important role in ARF-induced p53-independent apoptosis in HCT116 p53À/À cells, several other BH3-only genes have been previously shown by genomic techniques (in MEFs) to be regulated by CtBP1 and CtBP2. 9 To study the potential regulation of the family of BH3-only genes by CtBP in cells of either epithelial or mesenchymal lineage, the mRNA and protein levels of Bik, Bim, Bmf, Noxa, and Puma were determined in HCT116 p53À/À colon carcinoma cells and U2OS osteosarcoma cells after treatment with control or CtBP2 siRNA ( Figure 5 ). As predicted by the apoptosis gene array (Figure 1) , Bik was the only BH3 gene that was induced 4twofold in HCT116 p53À/À cells, whereas U2OS cells were more permissive for BH3-only gene expression, with a 2-to 2.5-fold induction of Bik, Bim, and Bmf, and a 1.5-fold induction of Puma and Noxa mRNAs, after CtBP2 knockdown (Figures 5a and b) . When mRNA induction was X2-fold, protein expression was also increased, as observed for Bik in HCT116 p53À/À cells, and for Bik, Bim, and Bmf in U2OS cells (Figures 5c and d) .
ARF expression would be expected to phenocopy CtBP2 knockdown for regulation of BH3-only gene expression, based on its antagonism of CtBP. 6 Indeed, ARF expression (Figure 5e ). ARF L50D expression had little effect on the abundance of any BH3-only protein, including Bik, as has been already noted (Figures 1 and 5e) . Thus, ARF expression phenocopies the specific affect of CtBP2 depletion on BH3-only gene expression in colon cancer cells, supporting the hypothesis that ARF/CtBP complexes directly control BH3-only gene expression and thus, p53-independent apoptosis, in a cell-type specific manner.
Discussion
ARF overexpression, or depletion of CtBP2, induced mRNA and protein expression of the proapoptotic BH3-only gene Bik. Induction of Bik required ARF/CtBP interaction, and the induction of apoptosis by UV and CtBP2 depletion required physiological levels of Bik. ARF potentiated UV-or hypoxiainduced apoptosis in a manner dependent on CtBP interaction. CtBP2 was recruited to the Bik promoter by the transcription factor BKLF, and ARF abrogated CtBP2/BKLF repression of the Bik promoter. Furthermore, the pattern of BH3-only gene regulation by CtBP seemed to depend on the cell-type context, suggesting that p53-independent tumor suppression by ARF may be more relevant to certain tumor types than others.
Bik is a proapoptotic protein of the 'BH3-only' family. Expression of Bik triggers apoptosis in breast, lung, prostate, and colon carcinoma cells, as well as in glioma and melanoma-derived cell lines. 12, [21] [22] [23] [24] Consistent with a role for Bik in tumor suppression, chromosome 22p13.3, which contains Bik, is commonly deleted in human colorectal and breast cancers, 25 and Bik mutations have been identified in renal cell carcinoma. 26 In contrast, Bik functions in non-malignant cells may overlap with those of other BH3-only proteins, as Bik is not essential for normal development. 27 In vitro, Bik knockout mouse T and B cells did not show an apoptotic defect, although epithelial cells were not examined in that study. 27 The absence of a mouse phenotype does not necessarily exclude a role in native tumor suppression, as the Bik knockout mice and cells were not exposed to an oncogenic stress to reveal a more subtle tumor or apoptotic phenotype. 27 Functionally, Bik is not a direct initiator of apoptosis, but acts upstream of the pro-survival Bcl-2-family members. 28 Recent studies also suggest that Bik has a role in oxidative stress-induced apoptosis. 29 Bik binds directly to Bcl-2 or Bcl-X L through its BH3 domain, and inactivates their antiapoptotic functions. Therefore, an increase in Bik levels lowers the cellular apoptotic threshold by blocking the antiapoptotic function of Bcl-2-family proteins. 30 A competing hypothesis suggests that Bik might also activate the downstream effectors Bak or Bax directly to cause apoptosis. 31 Further study on the apoptotic pathway downstream of Bik will be required to fully understand the role of Bik in ARF/CtBP2-induced p53-independent apoptosis.
CtBP has been described as a transcriptional regulator of apoptosis by repressing multiple proapoptotic genes, such as Noxa, Puma, and PERP. 9 Many of these genes are also the known transcriptional targets of p53. However, CtBP regulation of Bik, as shown in the current work, is p53 independent, and likely acting through BKLF instead of p53. BKLF can recruit mCtBP2, through its PXDLS motif 32 to the b-globin promoter element, resulting in repression. 33 We have observed that CtBP2 is also recruited by BKLF to tandem CACCC elements in the Bik promoter, as knockdown of BKLF abrogated CtBP2 recruitment to the Bik promoter in colon cancer cells, and mutation of the tandem repeat abrogated CtBP2 repression of a Bik reporter. The involvement of other related KLF transcription factors (KLF1/EKLF: erythroid Kruppel-like factor, KLF2/LKLF: lung Kruppel-like factor, KLF4/GKLF: gut-enriched, KLF5/IKLF: intestinal-enriched, KLF7/UKLF: ubiquitous KLF, among others) in CtBP2 recruitment cannot be ruled out in other cell contexts, as many KLFs function in a tissue-dependent manner. 34 CtBP senses the metabolic state of the cell because of a requirement for NADH binding to its dehydrogenase domain to activate repressor function. 8 CtBP has been linked to the hypoxic activation of cell migration, and this effect may be because of its repression of other non-apoptosis pathway genes, such as phopshin and tensin homolog chromosome 10 (PTEN). 9, 35 As hypoxia is fundamentally linked to tumor progression, CtBP may serve as a critical oncogenic link by which hypoxia leads to activation of key malignant characteristics, such as enhanced cell survival and increased motility and invasion. [35] [36] [37] On the basis of this hypothesis, the current data would support the idea that Bik might be especially important in tumor suppression in hypoxic cells, and moreover, ARF loss or mutation should specifically enhance cell survival in hypoxia by release of CtBP from any negative control. This idea is certainly consistent with ARF's enhancement of apoptosis caused by hypoxia (Figure 2c ). This retroviruses (e) were analyzed for GAPDH, Bik, Bim, Bmf, Puma, and Noxa protein levels using immunoblotting. siCon, control siRNA; siCtBP2, CtBP2 siRNA hypothesis may also explain why ARF can so profoundly affect tumor progression in vivo, with its loss promoting increased tumor aggressiveness. 36, 38, 39 This work raises the possibility that tumorigenesis is enhanced in the absence of ARF because of an apoptotic defect in a parallel ARF-regulated tumor surveillance system that is completely independent of p53. With a further understanding of the cellular consequences of ARF/CtBP interaction, there is the distinct possibility of manipulating this pathway either through ARF-mimetics or CtBP inhibitors for therapeutic benefit in the substantial fraction of tumors that lack p53 and/or ARF function.
Materials and Methods
Cell culture and transfection. HCT116 human colon cancer cells (ARF silenced) 40 with targeted deletion of p53 were grown in McCoy's 5A medium (Invitrogen, Carlsbad, CA, USA). U2OS (human osteosarcoma) and H1299 (human lung cancer) cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg of streptomycin, and incubated in humidified 5% CO 2 at 371C. Mammalian expression plasmids were transfected using Fugene, 20 and siRNA duplexes were transfected with Oligofectamine (Invitrogen), with an siRNA concentration of 40 nM. After retro/ lentiviral infections, the cells were selected using puromycin at 2 mg/ml.
Plasmids, siRNAs, shRNA, and viral expression vectors. V5-tagged CtBP2 expression plasmid pcDNA-V5-CtBP2 has been described earlier. 6 PcDNA-T7ARF was generated by insertion of a PCR-amplified ARF coding sequence with a T7 tag sequence embedded in the 5 0 primer into pCDNA3. The expression plasmid containing the CtBP2-binding defective allele of L50D of ARF was generated from PcDNA-T7ARF using PCR as per the Quikchange protocol (Stratagene, La Jolla, CA, USA). pBabe-Puro ARF and pBabe-ARF L50D were used to generate retroviruses. pLenti-ShGFP, pLenti-ShBik, pLenti-Puro-hARF, and pLenti-Puro-hARF L50D were generated using the Gateway cloning system (Invitrogen). Retro/lentiviruses were produced in HEK293T cells by transfecting ARF constructs along with packaging constructs (pol/gag and VSVG). The siRNA sequence for human CtBP2 was AAGCGCCUUGGUCAGUAAUAG; shBKLF: CTGGTCGATATGGATAAACTCA; shBik1: GGAGAAATGTCTGAAGTAA; and shBik2: ACACTTAAGGAGAACATAA.
Immunoblotting and immunofluorescence. Cells were lysed in lysis buffer (20 mM HEPES pH 7.4, 0.5% Triton X-100, 2 mM MgCl 2 , 10 mM ZnCl 2 , 2 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl fluoride, and 240 mM NaCl) containing protease inhibitor tablets. 20 Antibodies used were as follows: CtBP2 (BD Biosciences, San Jose, CA, USA), hARF (Novus Biologicals, Littleton, CO, USA), T7 tag (Novagen, Madison, WI, USA), GAPDH (Advanced Immuno Chemical, Long Beach, CA, USA), Noxa (Imgenex, San Diego, CA, USA), Bik, Puma, Cleaved Caspase (Cell Signaling, Danvers, MA, USA) PARP (Santa Cruz, Santa Cruz, CA, USA). Anti-rabbit IgG-horseradish peroxidase and anti-mouse IgG-horseradish peroxidase conjugates (Jackson Immunoresearch) were used with enhanced chemiluminescence detection (GE Healthcare, Piscataway, NJ, USA) for immunoblotting. Immunofluorescent detection of ARF and ARF L50D was performed as described 6 using anti-hARF antibody.
cDNA array analysis of apoptosis-associated genes. Total RNA was extracted from HCT116 p53À/À cells after CtBP2 knockdown or ARF infection using RNeasy (Qiagen, Valencia, CA, USA). Biotin labeled cDNA probes were generated with 5 mg of total RNA using TrueLabeling-AMP 2.0 kit (SuperArray) according to the manufacturer's instructions. cDNA probes were purified using an ArrayGrade cDNA cleanup kit (SABiosciences). Biotinylated-cDNA probes were denatured, hybridized to GEarray Human Apoptosis microarray (OHS-012, SuperArray) as per the manufacturer's instructions. After overnight incubation at 601C, the membranes were washed successively in 2 Â SSC-1% sodium dodecyl sulfate (SDS) and 0.1 Â SSC-0.5% SDS for 15 min each. The arrays were developed using chemiluminescent detection (SABiosciences) and the acquired images were analyzed using GE Array Expression Analysis Suite 1.1 (SABiosciences). The basic raw data were normalized for empty spot and housekeeping genes (GAPDH and b-actin). Bik promoter luciferase reporter assay. A 1.9-kb region of human Bik promoter (À1710 to þ 203) was amplified by PCR from pBLCAT2 18 and inserted into the firefly luciferase reporter pGL3 (Promega, Madison, WI, USA). U2OS cells were transfected with pGL3-Bik and a control plasmid expressing the Renilla luciferase (pRL-TK), CtBP2, ARF, and BKLF using Fugene. 20 The expression of reporter genes was determined using Dual Luciferase assay (Promega) after 36 h of transfection.
Chromatin immunoprecipitation assay (ChIP). Cells were plated for 24 h and approximately 10 8 cells were used for each ChIP assay. Cells were washed once in PBS and were treated with 1% formaldehyde in cold PBS for 10 min at 41C with continuous shaking. Glycine (final concentration of 125 mM) was added to quench the formaldehyde for 5 min at 41C with continuous shaking. Cells were then harvested and washed twice with ice-cold PBS. Nuclei were isolated by incubating the cells in nucleus isolation buffer (5 mM PIPES pH 8.0, 85 mM KCl, and 0.5% NP-40) for 20 to 30 min on ice. The nuclei were harvested at 41C by centrifuging the cell suspension at 7000 Â g for 5 min and resuspended in 2 ml of RIPA buffer (150 mM NaCl, 1% v/v NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8. 0, and 5 mM ethylenediamine tetra-acetic acid (EDTA)) containing protease inhibitors. Chromatin was fragmented to approximately 200-700 bp by sonication. Nuclear debris was removed by centrifuging the lysates at 41C for 15 min at 14 000 r.p.m. The lysate was precleared by incubation with the protein G Sepharose beads for 30 min at 41C. Immunoprecipitation was performed overnight at 41C with the respective antibody. Protein G Sepharose beads were added and the immunocomplexes were allowed to bind to the beads for 2 h at 41C. The beads were washed once each with RIPA buffer, RIPA buffer with 500 mM NaCl, immunoprecipitation wash buffer (10 mM Tris Cl pH 8.0, 250 mM LiCl, 0. 5% NP40, 0. 5% Sodium deoxycholate, and 1 mM EDTA), and finally with Tris-EDTA. Beads were resuspended in 200 ml of elution buffer (50 mM Tris Cl, pH 8.0, 10 mM EDTA, and 1% SDS) with Proteinase K and incubated overnight at 551C. DNA was extracted using phenol-chloroform, precipitated in the presence of glycogen by ethanol, allowed to air dry, and dissolved in TE buffer pH 8.0. Immunoprecipitated DNA was diluted 10-fold to keep the PCR in the linear range of amplification. The following set of primers was used to amplify different regions of the genes indicated: Bik primer set 1 for the promoter region (À1504 to À1647), sense 5 0 -CTGC TAATGTTTACTGAACATCTC-3 
